Abstract -Selection for increased resistance to Salmonella colonisation and excretion could reduce the risk of foodborne Salmonella infection. In order to identify potential loci affecting resistance, differences in resistance were identified between the N and 6 1 inbred lines and two QTL research performed. In an F2 cross, the animals were inoculated at one week of age with Salmonella enteritidis and cloacal swabs were carried out 4 and 5 wk post inoculation (thereafter called CSW4F2 and CSW4F2) and caecal contamination (CAECF2) was assessed 1 week later. The animals from the (N × 6 1 ) × N backcross were inoculated at six weeks of age with Salmonella typhimurium and cloacal swabs were studied from wk 1 to 4 (thereafter called CSW1BC to CSW4BC). A total of 33 F 2 and 46 backcross progeny were selectively genotyped for 103 and 135 microsatellite markers respectively. The analysis used least-squares-based and non-parametric interval mapping. Two genome-wise significant QTL were observed on Chromosome 1 for CSW2BC and on Chromosome 2 for CSW4F2, and four suggestive QTL for CSW5F2 on Chromosome 2, for CSW5F2 and CSW2BC on chromosome 5 and for CAECF2 on chromosome 16. These results suggest new regions of interest and the putative role of SAL1. 
INTRODUCTION
In France as in other countries, Salmonella remains a major cause of human disease related to food consumption [5] . In one third of the cases, the serotype responsible for human food poisoning is Salmonella enteritidis. Poultry products are the main source of human Salmonella infections, mostly because chickens may be asymptomatic carriers (i.e. remain contaminated by Salmonella for several weeks without showing any symptom that could help their detection). Both caecal and ovarian Salmonella carrier-states may be involved in human contamination. While the latter may result in vertical transmission of Salmonella and in yolk contamination, the former is responsible for horizontal transmission of the bacteria and for human disease through contamination of the egg shell at the oviposition and of the carcass during evisceration. In both cases, the existence of asymptomatic carriers dramatically complicates the prophylaxis of this disease.
Food safety could potentially benefit from an increase in the genetic resistance of fowls to the Salmonella carrier-state (i.e. a better ability of the animals to clear Salmonella), which can be measured by the persistency of the bacterial infection after inoculation. In order to address this question, experimental models of infection were defined in chicks [15] and adult hens [31] . By using these models, the heritability of resistance was estimated at 0.20 in young birds [4] and more than 0.35 in laying hens [2] . These results show that the Salmonella carrier-state is partly genetically controlled. Selection for the reduced carrier state should be possible but would require experimental infection of animals unless the underlying genes responsible for resistance can be identified. So far, two major genes of resistance to infection have been identified in mice and fowls: NRAMP1 (natural resistance associated macrophage protein 1; now renamed SLC11A1 for solute carrier family 11, member 1) and TLR4. Both are involved in resistance to mortality in 1 day-old chicks after intravenous inoculation [19, 27] , and in bacterial replication in the spleen after oral inoculation [28] . At least the former is also involved in the control of resistance at older ages: the SLC11A1 region also had a significant effect on the number of cfu (colony-forming units) in the spleen 3 days after inoculation of older pullets [16] and SLC11A1 and probably TLR4 are involved in the resistance of adult hens after oral contamination [3] . A third gene, named SAL1, was detected in fowls in a QTL research. The latter was achieved by a genome scan where susceptibility to acute visceral infection was appreciated as the spleen contamination five days after intravenous inoculation of two-week old chicks with Salmonella typhimurium. It was achieved in crosses between resistant and susceptible inbred lines of chickens [29] . However, the currently known genes which play a role in resistance to infection do not explain all the genetic variability in resistance to the carrier-state and the first goal of the work described in the present paper was to perform QTL mapping of genes affecting the carrier-state. Therefore differences in resistance to the Salmonella enteritidis carrier-state after inoculation at one week of age between four inbred lines were first observed. In parallel, additional studies on resistance to Salmonella typhimurium after inoculation at six weeks led to the evidence of large differences between the same lines but in a different order [1] . This led us to the hypothesis that genes controlling both traits could differ. It was therefore decided to perform two QTL research on both models of inoculation.
In both cases, bacterial counts in cloacal swabs or organs of slaughtered animals were used to measure Salmonella clearance in animals. Such phenotypes can present a distribution far removed from the normal distribution required by classical statistical methods. Therefore, a second objective of this paper was to compare the results obtained by a least-squares-based QTL mapping method with those obtained by a non-parametric method. Statistical aspects such as the distributional properties of the phenotypes related to the carrier-state and such as the size of the selectively genotyped sample will be discussed.
MATERIALS AND METHODS

Choice of poultry lines
The resistance of four inbred White Leghorn chicken lines was compared. IAH lines 6 1 ,15I and N originally derived from stock provided by the USDA Avian Disease and Oncology Laboratory, East Lansing, MI. Line C was the highly inbred line received by IAH from the Wellcome Research Laboratories, Beckenham. Parent birds were maintained under SPF conditions and were confirmed to be free of Salmonella.
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QTL research
Two data sets were generated for this analysis: an F 2 and a backcross for resistance at one and six weeks of age respectively. In both experiments the birds of parental lines were included as controls.
In the F 2 data set, a total of 186 progeny were reared from a (N × 6 1 ) × (N × 6 1 ) cross and inoculated as formerly described ( [15] and Sect. 2.1).Three phenotypic measurements were used in QTL mapping analyses: CSW4F2 and CSW5F5, i.e. the number of bacteria in the cloacal swabs performed four and five weeks post infection respectively and CAECF2, the number of cfu per gram of caecum after logarithmic transformation [log 10 (x+1)]. Codes were used for the assessment of cloacal swab counts (CSW4F2, CSW5F2) and were digitised as 0, 0.5, 1, 2, 4 and 8 to mimic log 10 transformed counts.
Since only one third of the animals were contaminated (i.e. 41.3, 33.3 and 30.7% for CSW4F2, CSW5F2 and CAECF2 respectively), it was not possible to select the most resistant animals. It was therefore decided to choose the most susceptible (i.e. those with contaminated swabs and caeca) while the resistant animals were randomly chosen, within the same dam families, among the non contaminated animals. Thirty-three individuals, i.e. twenty-two susceptible and eleven resistant chickens, were thus selected at the two tails of the phenotypic distribution. Differences between both resistant and susceptible groups were tested using a Student test with the Satterwaithe correction in order to account for unequal variances [33, 34] .
In the (N × 6 1 )F1 × N backcross experiment, a total of 80 progeny were reared and orally inoculated at six weeks of age with Salmonella typhimurium as formerly described [1] . Cloacal swabs were studied from wk 1 to 4 but only two phenotypic measurements, i.e. the number of cfu in the cloacal swab performed 1 and 2 weeks post infection were relevant since all individuals had zero counts after 3 weeks. These counts were logarithmically transformed [log 10 (x + 1)] in order to normalise their distribution and called CSW1BC and CSW2BC respectively. Fourty-six individuals (twenty-three at each tail of distribution) were selected for genotyping according to CSW1BC.
Pedigree information was obtained for the F 2 experiment but not for the backcross. The 33 F 2 individuals were shared among 11 full-sib families ranging between 2 and 6 full-sibs while the backcross experiment was treated as a single family of 46 full-sibs.
For both populations, sequences of the microsatellites previously described [10, 12, 17] were used in this study. For the F 2 cross and the backcross, selected individuals were respectively genotyped for a total of 199 and 177 markers. However, since only 81 informative markers were common to both data sets, and in order to have comparable results between both crosses in the interval mapping analysis, only informative markers belonging to the consensus linkage map of the chicken genome (http://www.thearkdb.org/ [35] ) were used: i.e. 103 markers for the F 2 cross and 135 markers for the backcross for a total of 159 markers. In order to avoid the estimation of spurious linkage between markers located on different chromosomes, the marker map was not estimated using the selectively genotyped individuals [30] . Instead, the positions of markers on the consensus map were used. One-hundred and forty-nine markers were positioned on one of 25 linkage groups, the remaining 10 markers remain unlinked in the consensus map ( Fig. 1 ).
Statistical analyses of QTL research
QTL analysis
Markers that were either isolated representative of linkage groups or unlinked were analysed individually using a single-marker test. In one or both data sets, chromosomes (Chr.) 9, 14, 16, 17, 18, 19, 24, 26, 27, E47W24 and E22C19W28 had only a single marker.
Interval mapping analysis was performed on 90 markers for the F 2 (over 16 linkage groups) and 119 markers for the backcross (over 17 linkage groups). The phenotypic measurements from the individuals that were not selected for genotyping were not used in the interval mapping analysis.
In order to avoid numerical problems due to recombinants between markers with zero separation, when two markers were located on the same position, markers were artificially separated by a distance of 1-cM and their distance from the next marker was corrected accordingly. The characteristics of both experimental designs are summarised in Table I. For the analysis of the F 2 data set, the influence of sex (fixed) and cage (random) for every trait was initially estimated by analysis of variance using SAS  statistical software [33] . Both factors were found not to be significant and were therefore not included as effects in the linkage analysis. For the analysis of the backcross data set, no information was available about any possible fixed or random effects.
Two types of QTL mapping software were used. Firstly, the QTL express program [36] was used to perform least-squares-based interval mapping [18] . This approach is based on the regression of phenotypes on probabilities of inheriting the QTL at the position being tested and assumes that the distribution of the phenotype is normal. Two strategies were used to cope with this issue. On the one hand, a logarithmic transformation was applied to all traits before least-squares-based analysis. On the other hand, since logarithmically transformed phenotypes do not necessarily satisfy the normality assumption, non-parametric (NP) interval mapping was performed using R/qtl [7] .
In F 2 designs, the non-parametric interval mapping test was based on an extension of the Kruskal-Wallis test which is similar to the method described by Kruglyak and Lander [24] for such designs. In the case of incomplete genotype information (such as at locations between genetic markers), the KruskalWallis statistic is modified so that the rank for each individual is weighted by the genotype probabilities (for more details, see [6] ). In backcross designs, the extension of the Wilcoxon rank-sum test [24] was used. Due to the high number of ties for all phenotypes in both crosses, tied phenotypes were given midranks rather than random ranks [39] .
Significance thresholds
First, the significance level (i.e. the P-value) of each test statistics value at every position was determined empirically by chromosome-wide permutations [11] . A total of 10 000 permutations were performed for each chromosome × trait combination.
Then, threshold P-values for suggestive and genome-wide significant linkage were obtained, based on the actual marker density and not on an infinitely dense marker map [26] . Suggestive linkage was first obtained as the probability of obtaining, by chance, one significant result per genome analysis [26] . In order to take into account the differences between chromosome lengths (macro-and micro-chromosomes), the chromosome-wide P-value for suggestive linkage (P c ) of a specific chromosome was computed as the contribution (r) of that chromosome to the total genome length, which was obtained by dividing its length by the total autosomal length of the chicken genome, both given by the consensus map ( [35] and Tab. II). This approach was used as an alternative to the classical suggestive threshold computed as 1/N where N is the number of autosomes [22] . Instead of using the consensus lengths (for the ratio of chromosomes and genome lengths), Tuiskula-Haavisto et al. [40] used the length of the chromosome covered by markers as the numerator of this ratio, and the length of the genome covered by the markers they analysed as the denominator. Threshold P-values obtained using this method are also given in Table II but were not used in the analyses.
In order to derive chromosome-wide significant P-values (P c ) corresponding to a 5% genome-wide significance level (P g ) [26] , the following Bonferroni a Lengths of chromosomes according to the consensus map or to the distances covered by markers; the contribution of unlinked markers (n = 10) to the total genome length taken as 1 ± 5 cM (11 cM); this length of segment was taken as a reasonable estimate of the extent of linkage disequilibrium around a marker. b P-values for suggestive linkage computed as the contribution of a chromosome to the total autosomal length of the chicken genome, both given by the consensus map; P-values for significant linkage at the chromosome level computed to guarantee a 5% genome-wide significance level using a Bonferroni correction (see Eq. (1)). c P-values computed using chromosome lengths and genome length covered by markers as applied by Tuiskula-Haavisto et al. [40] .
correction [40] was applied for each chromosome separately:
In order to make the comparison possible between different studies, significance thresholds did not take the testing of multiple traits into account [14] . However, within an experiment (F 2 or backcross), among all traits, the permutation distribution with the most extreme 5% threshold was taken to compute the P−values and suggestive and significant threshold values for all traits in that experiment.
Single marker tests were carried out on the isolated markers by setting all markers evenly spaced (every 10 cM) on a single chromosome and by using both approaches in order to obtain test statistics values for each isolated marker. Single-position permutations were performed to obtain significance levels of single marker tests, and the threshold P-value to apply for those tests was computed as for interval mapping tests, taking 1 ± 5 cM (11 cM) as the contribution of an isolated or unlinked marker to the total genome length. This length of the segment was taken as a reasonable estimate of the extent of linkage disequilibrium around a marker.
RESULTS
Choice of the poultry lines
Significant differences between lines (P < 1.10 −4 ) as well as the interaction between interval post inoculation and lines could be observed. When restricting the analysis to the weeks 5 to 7 (i.e. long-term carrier-state), lines 6 1 and C appeared to be the most susceptible (with least squares means equal to 4.94 and 4.63 respectively) and lines N and 15 the most resistant (with estimated least squares means at 3.59 and 3.26). The second comparison confirmed previous results: the line 6 1 appeared to be significantly more susceptible. A difference in the rate of excretion could also be observed, with line 6 1 excreting more often than line N. Since the degree of dominance of resistance seemed to vary with the post inoculation interval, F2 crosses were chosen for the detection of QTL.
When considering resistance to oral inoculation at six weeks of age, large differences were observed [1] . The pattern of faecal shedding of the F1 birds closely resembled those of line 6 1 with rapid elimination of the challenge strain and low rates of excretion. The dominant resistance was expressed fairly early after challenge and it was this rapid effect that was inherited. A backcross was therefore chosen for QTL detection.
QTL analysis
The total length of the chicken genome covered by markers was 2303 cM or about 59% of the consensus linkage map. This figure includes an arbitrary length of 11 cM for each unlinked marker. In the sample of 140 markers belonging to the 19 linkage groups with more than one marker, the average distance between adjacent markers (± S.D.) was 17.0 ± 18.6 cM. The information content obtained across the chicken genome averages 68.8% for the F2 and 70.1% for the backcross, ranging from 20% to 100% (data not shown).
The overall means, phenotypic standard deviations and proportion of zeros in selected animals for the five phenotypic traits are given in Table I . Highly significant differences were observed between resistant and susceptible animals for all traits but CSW2BC (Tab. I). Due to the selective genotyping approach used for both crosses, the proportion of individuals with a zero value was always higher or equal to 50% (see Tab. I). All distributions were therefore asymmetric, although phenotypic values were a priori log-transformed (Fig. 2) .
All regions of the genome that provided support for segregating QTL at the suggestive and significant levels are reported in Table III . While it is probable that some of suggestive QTL are false positives, it is generally regarded as informative to the mapping community to report all regions that offer any evidence of linkage [26] .
A total of six regions (QTL) of the chicken genome which could potentially affect the clearance of Salmonella were identified by using the leastsquares-based approach (Tab. III). The QTL on Chr. 2 around position 87 for CSW4F2 was genome-wide significant (P = 0.0032, marker interval GCT027-ADL185) and the QTL for CAECF2 on Chr. 16 at position 2 was nearly significant (P = 0.0012, marker LEI258). Five of the six QTL were identified either in the F 2 data set or in the backcross. One suggestive QTL on Chr. 5 (position 100-111) was confirmed in both data sets. On Chr. 1, two QTL were identified at position 85 in the F 2 and at position 207 in the backcross. In the backcross, the two QTL identified on Chr. 1 (position 206-207 cM) and on Chr. 5 (position 100-106 cM, around marker ADL023) were confirmed by the non-parametric analysis. Furthermore, the QTL on Chr. 1 was significant (P = 0.0060) in the non-parametric analysis rather than suggestive in the leastsquares-based analysis.
Among the six identified QTL, three (or four if there are two QTL on Chr. 1) QTL explained more than 7% of phenotypic variance and could therefore be substantially involved in the determination of resistance to Salmonella in chickens. The QTL identified on Chr. 1 was estimated to explain 7.7% of the phenotypic variance of CSW5F2 in F 2 and 37.5% of the phenotypic variance Table I for the definition of the traits. b P-values obtained by 10000 chromosome-wide permutations; threshold P-values for suggestive (*) and genome-wide signific the length of the chromosome relative to the total genome length studied; ns = not significant. c Genetic variance explained by the QTL based on estimated additive and dominance effects and allele frequencies 0.5, as a percen in the entire F 2 or backcross population (i.e. before selective genotyping to moderate overestimation). of CSW2BC in the backcross. The significant QTL on Chr. 2 in the F 2 explained 7.0% of the phenotypic variance of CSW4F2. The QTL positioned on Chr. 5 explained 21.6% of the phenotypic variance of CSW2BC in the backcross, but only 2.3% of CSW5F2 in the F 2 . Although it has the smallest P-value (P = 0.0012), the QTL identified on Chr. 16 (marker LEI258) explained only 0.7% of the phenotypic variance of the number of bacteria per gram of caecum (CAECF2). Figures 3 and 4 show QTL on chromosomes 1 and 2, respectively, for the five disease resistance traits using the LS approach (a) as well as the and BC populations. Evidence in favour of the presence of a QTL (y-axis) is measured as log 10 (1/P), where P is the associated chromosome-wide P-value determined by phenotype permutations. Horizontal dashed lines (large dots and small dots) are respectively suggestive and genome-wide significant thresholds. Note that some markers have been omitted from the x-axis for clarity.
non-parametric approach (b). The curves show the log 10 of the inverse of the chromosome-wide P-values of the data under the null hypotheses of no QTL at the corresponding position estimated from 10 000 permutations. Because of the F ratio curves (data not shown) and the low proportions of phenotypic variance explained, the QTL identified on chromosome 11 was considered as probably being spurious.
DISCUSSION
Significant differences could be observed between inbred poultry lines. However, the relative resistance of inbred poultry lines differed. Indeed, line N was resistant when the poultry were inoculated at one week of age with Salmonella enteritidis and when faecal excretion was measured 4 and 5 weeks later. However, the line was susceptible after inoculation at 6 weeks of age with Salmonella typhimurium and when excretion was assessed one and two weeks after inoculation. This led us to the hypothesis of a difference in the genetic control of both traits. This can originate from a difference in mechanisms of resistance. Indeed they may result from differences in inoculated Salmonella (according to the importance of the host-pathogen dialog), in age at inoculation (that may be important, especially since the immune response develops during the first weeks of age, as shown on one of these lines [32] ) and in interval post inoculation, in accordance with results strongly suggesting that the wild allele for Nramp1 gene could be favourable with regards to resistance to inoculation (a few days after inoculation) but not to bacterial clearance 7 weeks post inoculation [9] .
However, whatever the origin of these differences, this between line variability could be used for QTL research. The use of inbred lines allowed to take advantage of the lower genetic variability of those lines and of the knowledge of their informativity at a large range of genetic markers. Indeed the size of the data sets was rather low which results in a higher probability of false negative results. The latter was still increased due to the non-normality of the phenotypes and to the high number of ties [39] , which is related to the high proportion of animals having cleared all the bacteria. However, significant or nearly significant QTL could be observed in both data sets. Most of the QTL identified in these experiments had an effect on only one trait, which can be explained by a lack of statistical power but also by differences in genetic control. This result enhances one of the hypotheses that underlined this experiment, i.e. that resistance to colonisation (number of bacteria per gram of caecum) and excretion (cloacal swabs) might be affected by different genes. This result will have to be considered for any practical application. Only two of the QTL were identified in both crosses: while both age at inoculation and Salmonella serotypes differed between the two crosses, the former seemed to be more responsible for between line differences, since similar relative resistance of lines to caecal excretion were observed after inoculation with Salmonella typhimurium, Salmonella enteritidis or Salmonella infantis [1] . Moreover measures in the backcross were taken earlier (because of quicker clearance of Salmonella) and could partly involve different genes.
As opposed to the QTL identified in the backcross, all QTL identified in the F 2 using least-squares-based interval mapping were not confirmed by the nonparametric analysis. This can be explained by the small number of genotyped individuals (n = 33) in the F 2 . Indeed, in the F 2 , the 33 genotyped individuals are distributed among three genotypic classes (e.g. NN, N6 1 or 6 1 6 1 ), as opposed to two genotypic classes in the backcross (NN or N6 1 ) in which 46 individuals were genotyped. This aspect reduces the power of the Kruskal-Wallis test (analogue of an ANOVA test) performed in the non-parametric analysis. Furthermore, since the non-parametric test uses ranks instead of actual values, its power is reduced compared to the parametric test. Since the least-squaresbased interval mapping method is more powerful than the non-parametric test and is quite robust against non-normality (see [38, 39] ), it may have greater value in this situation.
The QTL effects estimated in this study were overestimated due to the selective genotyping approach used in both F 2 and backcross data sets. Formulae are given [13] to convert observed QTL effects under selective genotyping to actual gene effects, but these are based on the assumption that the phenotype is normally distributed and were therefore not applicable in the context of this study. In order to moderate overestimation, the proportions of variance explained by QTL were computed using the observed variance in the full population before selective genotyping rather than that of the selected sample.
The concordance of the observed maximum test statistic values with the observed phenotypes and genotypes was checked (data not shown) by comparing in terms of phenotypic values the genotype classes of the markers either at the position of the identified QTL or for the pair of markers bracketing a QTL position. This analysis confirmed the QTL on chromosomes 1 and 5. In addition, these QTL were in accordance with the pattern expected for inheritance of 6 1 and N alleles. However, phenotypic and inheritance patterns of the QTL identified on chromosomes 2, 11 and 16 were less clear. This result, in addition to the F ratio curve of chromosome 11 and the low proportion of phenotypic variance explained, led to the conclusion that the QTL observed on chromosome 11 was probably spurious, while the QTL on chromosomes 2 and 16 should be further tested in a larger population in order to obtain better estimates of their effects.
The QTL on Chr. 1 was the QTL explaining the greatest proportion of variance of cloacal swabs (7.7% in the F 2 and 37.5% in the backcross). The difference in their positions of 122 cM could reflect an error in position estimates for a single QTL due to the low information content in that region in both data sets or to different numbers of markers in that region between data sets (3 and 5 markers respectively for the F 2 and backcross). At least one of these QTL may relate to that identified in mice on chromosome 7 between microsatellites D7Mit83 and D7mit62 [9] (i.e. at positions 26.5 and 42.6 respectively, http://www.informatics.jax.org, Mouse Genome Informatics). Indeed, from the review of comparative mapping [35] , chicken chromosomal regions corresponding to mouse Chr. 7 are split between chromosomes 10, 6 and proximal Chr. 1 (between positions 157 and 163) (mouse position 4), i.e. at about 50 cM from the estimated position of this chicken QTL. Kaiser et al. [21] observed by bulked segregant analysis, two unlinked microsatellites of Chr. 1 associated with the response to the Salmonella vaccine; however these are also at a more distal position, at 286 and 456 cM. The sire allele for those microsatellites also had significant effects on the spleen and caecal Salmonella counts one week after oral inoculation of one day-old chicks for two of the sires tested [20] . These coherent results reinforce the interest of those QTL even if no significant difference could be observed for CSW2BC between resistant and susceptible animals.
No QTL involved in the resistance to Salmonella has been previously detected on Chr. 2 and up to now few genes have been identified in this region in chickens. The MIFL1 gene (macrophage migration inhibitory factor, like 1) which lies close to LEI117 is a possible candidate gene, but it is not currently possible to relate this region to human or murine chromosomal regions.
SAL1 which is located at about 150 cM on chicken Chr. 5 could potentially contribute to the QTL observed on this chromosome at about 100-111 cM. An effect of the microsatellite ADL298 (at 198 cM, i.e. further distal on this chromosome) on the response to the Salmonella vaccine and on caecal and spleen bacterial burden 1 week after oral inoculation of day-old chicks respectively was observed [20, 21] , like the QTL detected in this region in the present study which have an effect on early infection. Recent studies [23] have suggested a possible role of transforming growth factor β3 (TGFB3) mapped on Chr. 5 at position 113 next to marker ADL023 [37] on spleen contamination, but no effect could be detected on caecal or liver contamination. The QTL identified in both data sets on Chr. 5 is very close to the location of TGFB3. If confirmed, this result suggests a possible role of TGFB3 in the mechanism underlying the resistance of chickens to Salmonella infection.
The QTL on Chr. 11 was weakly significant and accounted for little of the variance and hence may be spurious. No other observations suggesting a role of this chromosome in Salmonella resistance has been noted yet.
Even if its effect is very small, the LEI258 marker on Chr. 16 (position 2) is of particular interest since it lies very close to the major histocompatibility complex (MHC). Indeed, a significant effect of SNP within MHC was observed on splenic (but not caecal) bacterial burden 1 week after oral inoculation of one-day-old chicks [25] , even if no MHC-associated effect could be noted on resistance to infection [8] . However it seems unlikely that MHC could be involved in this cross since lines 6 1 and N are of the same MHC haplotype.
As a final result of this paper, we propose a new method to compute suggestive and genome-wide significant thresholds for QTL analyses in the chicken taking into account the differences in chromosome lengths. Classical suggestive thresholds are computed as 1/N where N is the number of autosomes [22] . The length of the chromosome and of the genome covered by markers used for genotyping may be considered [40] but this method does not allow comparing the results from different analyses. Our approach has the considerable merit of guaranteeing the comparability of the results between different QTL mapping studies in the chicken. The same threshold P-values could be used for both F 2 and backcross data sets although the number of markers genotyped in each data set was different (Tab. I). As shown by the small number of genomewide significant results obtained from this study, the stringency of the threshold P-values obtained by this approach is quite high, and is higher for microchromosomes than for macro-chromosomes. This can be explained by the fact that since they contain more mapped positions than micro-chromosomes, macro-chromosomes have a higher chance of hosting a random false positive result in the course of a genome scan. This chance corresponds to the suggestive level [26] . When using the length of the chromosome [40] to compute threshold P-values, for macro-chromosomes this chance is even higher. Threshold P-values are therefore less conservative and, moreover, cannot be generalised to every QTL mapping study in the chicken. Finally, this study has shown that the phenotypes related to the carrier-state (cloacal swab counts or bacterial colonisation in the caecum) have specific distributions (far from normality) that are very dependent of the time at which the sampling is performed. If the course of the infection is not followed carefully, the peak of infection may be missed and differences between animals in terms of resistance may have nearly disappeared at the time of sampling. Although this issue was addressed in the present experiments, in future experiments, even greater attention should be paid to the time of sampling to obtain phenotypic measurements representing the greatest differences between individuals in terms of resistance. Furthermore, this study has shown that a selective genotyping approach applied in the context of the carrier-state implies that a high proportion of individuals will have zero values, since resistant and susceptible animals need to be selected. In this study for example, 50% of the individuals had zero values, which considerably skewed the distribution of the phenotypes, and therefore decreased the expected power of QTL detection. In such a context, if selective genotyping is chosen, a high proportion of selection should be preferred. However, even with these drawbacks, this study showed the existence of several QTL.
In conclusion, this study showed the existence of several QTL affecting caecal colonisation in chickens. If confirmed in commercial populations, these will be of great help in practical application to reduce the possibility of food contamination and to increase our understanding of the mechanisms controlling Salmonella colonisation in chickens.
